The values of the optical constants of magnesium fluoride (MgF 2 ) and zinc sulfide (ZnS) thin films are obtained using a classical oscillator model and the experimental values of their spectral transmittance.
Introduction
There are many ways reported in the literature- 6 to determine the optical properties of thin films of different materials from spectrophotometric measurements, that is, spectral transmittance and reflectance. The classical oscillator model used in this work 7 may be particularly suited for dielectric thin films and, within a restricted frequency interval, for semiconductors as well. The most relevant features of this method are its ability to produce good values of optical constants from experimental data and the possibility of attributing a real physical meaning to the parameters of the oscillators representing the optical properties of the material. A transparent dielectric (MgF 2 ) and a semiconductor (ZnS) are suitable materials for the use of this technique since they fill very well the above-mentioned requirements for its application and because there are sufficient available data in the literature with which to compare the results.
II. Theory
Representing the complex dielectric function as a sum of classical oscillators, it is possible to reproduce Jesus Siqueiros is with IFUNAM, Labortorio de Ensenada, A.P. 2661, Ensenada, BC. Mexico; R. Machorro is with CICESE, A.P. 2732, Ensenada, BC. Mexico; and L. E. Regalado is with CIF-US Universidad de Sonora, A.P. A-88, Hermosillo, Son., Mexico. the transmittance and reflectance curves of a solid in the spectral region corresponding to the lattice vibration. 8 We can write
where Si, wi, and Yi represent, respectively, the strength, resonance frequency, and linewidth of the actuating oscillators. The high frequency dielectric constant e. represents the contribution to e from high frequency transitions. The knowledge of one or more of these sets of four parameters will permit us to calculate theoretical values of reflectance and transmittance and to compare them to experimental data to find the best-fitted values of e as a function of w, from Eq. (1).
Ill. Sample Preparation and Characterization
MgF 2 and ZnS films were thermally evaporated on BK7 substrates at room temperature in a 5-X 10-6-Torr vacuum. The pressure may increase to the range during evaporation. The deposition rates were 4 and 9 nm/s, respectively. The film thickness was controlled during deposition using a reflectancetransmittance (R/T) optical monitor. Due to geometrical limitations, only 3-cm diam substrates had been used, where a thickness uniformity better than 98% can be achieved. The samples studied have optical thicknesses that are multiple integers of the monitoring wavelength, that is, the shutter is closed to stop the evaporation at a turning point of the R/T signal vs optical thickness.
Even though the optical monitor inside the evaporation chamber gives us an estimate of the film thickness, it was measured again by two alternative techniques: (i) using a multiple beam Tolansky interferometer 9 Spectral transmittance on both materials was measured in a Perkin-Elmer model 330 spectrophotometer, which has a double beam, one for the sample and one for reference. In our case the reference is air, and the computer program makes the compensation for the second surface and thickness of the substrate. The relative precision of wavelength is better than 1% at 200-nm/min scan speed and the photometric accuracy is 0.3% in transmittance.
Samples were also analyzed by Auger electron spectroscopy to obtain their physicochemical properties, stoichiometry, and the presence of possible contaminants. Auger spectra are shown in Figs. 1 and 2 .
IV. The R/T Calculations
Reflectance (R) and transmittance (T) of a thin film can be calculated by repeated use of the boundary conditions for the electromagnetic fields plus the interference effects of the fields traveling in both directions across the film and reflected in the interfaces of the different media."
The R and T calculations may be done in several different ways, for example, using characteristic or transfer matrix theory, developed by Abeles' 2 or using recurrent formulas based on Airy's expression. In this work we follow a simple form of the computational procedure developed by Dupoisot and Morizet' 3 adapted to a single film. This calculation is also modified to include the second surface effects. Waves reflected successively on the first and second surfaces add up incoherently for thick glass substrates compared to the coherence length of the light source being used."
V. Search Process for the Best Set of Parameters
There are many possible solutions to the problem of finding the best set of parameters based on experimental data; some are reported in Refs. 1-6. We propose the use of the least-squares method for an arbitrary function' 4 ; in our case this function is the recurrence formula:
T= (ns/n,)(rT*), (2) where r* is the conjugate of rj-= tjp exp(2tj)-rj/ exp(2j) + rlpj. The aim is to find the optimum set of parameters, so that the differences between the 
k=1 where T, is the transmittance obtained from the recurrence formula, and Te is the corresponding experimental value. The numerical value of the objective function M gives us a measure of the goodness of the fit. The search is done using a 3n + 1 dimension grid, where n is the number of oscillators, and the extra dimension stands for the c.. Assuming that the variation of M with each parameter is independent of the optimization degree with respect to the others, the best set of parameters may be determined by the minimization of M with respect to each parameter separately. The main disadvantage of this technique is that the parameters may not be independent, which means that the problem may not have a unique solution.
In the optimization process each parameter yi is incremented by a prescribed amount Jy, whose sign is chosen so that the corresponding M, denoted by Mi, decreases. The process continues until Mi < Mi+,.
Assuming the variation of M, near the minimum, is a parabolic function of the current parameter yi under optimization, the last three points (Mi,yi) can be used to get the minimum of the parabola. This procedure is repeated for each parameter, and the iteration goes on until the changes in Mi are smaller than a given uncertainty.
The order in which the parameters are optimized is important, and sometimes it is convenient to fix some of them. Spitzer and Kleinmann 7 suggested a way of selecting the initial parameters, based on inspection of the experimental data. In our program we introduce the possibility to weigh and fix some parameters as a measure of their influence on M.
VI. Results and Discussion
From the Auger spectra, Figs. 1 and 2 , we observe that we have fairly clean films for both MgF 2 and ZnS, and according to the Auger sensitivity manual,' 5 our materials are closely stoichiometric. The optical spectrum for MgF 2 , Fig. 3 , shows almost no structure, except for the ultraviolet region where a strong tendency toward a minimum is evident. The interference oscillations characteristic of film thickness are very weak but, nevertheless, they can be observed in the spectrum whose maxima and minima give a film thickness of 227 nm following Manifacier's technique. 3 This value is in agreement with the thickness Fig. 4 . The ZnS optical spectrum presenting good contrast between maxima and minima in transmittance. measured in a Tolansky interference microscope, the difference being of the order of the surface irregularities. From the methods used, only the multiple beam technique provides a direct measurement of the geometrical thickness. The optical thickness is divided by the refractive index taken from Macleod," at the monitoring wavelength, to make the comparison. This value is used as a starting point in the algorithm and will be optimized as well. The resulting thicknesses are presented in Table I .
Once the thickness of the film is estimated, we proceed with the search for a set of parameters that fits the experimental data. For MgF 2 we have obtained two The high energy oscillator (6.5 eV) is responsible for the UV transmission minimum, while the low energy oscillator (0.4 eV) produces a bending of the transmission curve toward the infrared region.
In the case of ZnS, for the calculated thickness of 236 nm we also have two oscillators: The strong absorption shown in the high frequency region, Fig. 4 , may be related to the energy band gap, reported to be 3.6 eV.' 6 For our sample, the oscillator had a band gap energy of 3.8 eV. The low energy (0.27-eV) oscillator bends the transmittance curve as seen in the infrared part of the spectrum.
Once the dielectric function has been computed, the complex refractive index may be easily determined, using relation e = n 2 , where n is, in general, a complex number. Our results for the wavelength dispersion are shown in Fig. 5 for MgF 2 and in Fig. 6 for ZnS. It may be useful to compare the resulting complex refractive index with previous published data, as shown in Tables II and III. As can be seen, our values for the real part of the index for the MgF 2 are slightly lower than the cited values. This may be attributed to our deposition technique, since we evaporated on room temperature substrates rendering less closely packed films. Note that some of the cited figures are from bulk crystalline material.
VII. Conclusions
We have used an algorithm to obtain the dielectric constant of a thin film, as a function of wavelength, in terms of a sum of classical oscillators. This value was modified to fit experimental and calculated transmittances, yielding a dispersion curve. The method was successfully applied to a transparent dielectric, MgF 2 , and a semiconductor, ZnS. The dispersion curves were also used to provide information about the band gap of the film material; this is particularly useful for dielectric and semiconductor materials.
The calculated dispersion for both materials was in good agreement with previous results. 1 " 7 -' 9 This technique has been successfully tried in other semiconductors, such as ITO, amorphous and crystalline sele- 
Optical rotary joint for data transfer
A scheme for transferring digital data across a rotary joint would use light instead of electrical signals. The optical joint would offer greater bandwidth than that of conventional electrical slip rings and would probably operate at a considerably lower error rate. Accordcontinued on page 2579
